Wood et al suggested that mass-loss rate is a function of X-ray flux (Ṁ ∝ F
INTRODUCTION
Like the Sun, low-mass stars experience mass loss through winds during their entire lives. Although the solar wind can be probed in situ, the existence of winds on low-mass stars is known indirectly, e.g., from the observed rotational evolution of stars (see Bouvier et al. 2014 , and references therein). Measuring the wind ratesṀ of cool, low-mass stars is not usually an easy task though. Although in their youth, when the stars are still surrounded by accretion discs, their winds have been detected (Kwan, Edwards & Fischer 2007; Gómez de Castro & Verdugo 2007) , this is no longer the case after their accretion discs dissipate. The belief is that, from the dissipation of the disc onwards, winds of low-mass stars are E-mail: Aline.Vidotto@unige.ch no longer as dense, making it more difficult to detect them directly.
There have been several attempts to detect radio freefree thermal emission from the winds of low-mass stars. The lack of detection means that only upper limits inṀ can be derived (e.g., van den Oord & Doyle 1997; Gaidos, Güdel & Blake 2000; Villadsen et al. 2014) . Detecting X-ray emission generated when ionised wind particles exchange charges with neutral atoms of the interstellar medium has also been considered, but again only upper limits onṀ could be derived (Wargelin & Drake 2002) . Other methods, involving the detection of coronal radio flares (Lim & White 1996) or the accretion of wind material from a cool, main-sequence component to a white dwarf component (Debes 2006 ; Parsons et al. 2012), have also been suggested. However, the indirect method of Wood et al. (2001) has been the most successful one, enabling estimates ofṀ for about a dozen dwarf stars.
This method assumes that the observed excess absorption in the blue wing of the HI Lyman-α line is caused by the hydrogen wall that forms when the stellar wind interacts with the interstellar medium. Unfortunately, this method requires high-resolution UV spectroscopy, low HI-column density along the line-of-sight and a suitable viewing angle of the system (Wood et al. 2005b ), making it difficult to estimatė M for a large number of stars. Wood et al. (2002 Wood et al. ( , 2005a showed that, for dwarf stars, there seems to be a relationship between the mass-loss rate per unit surface area A and the X-ray flux Fx, for stars with Fx 10 6 erg cm
Because stars, as they age, rotate more slowly and because their activity decreases with rotation, X-ray fluxes also decay with age (e.g., Guedel 2004 (Wood et al. 2005a (Wood et al. , 2014 . What could cause the change in wind characteristics at Fx ∼ 10 6 erg cm −2 s −1 ? Wood et al. (2005a) hypothesised that the stars to the right of the "wind dividing line" (WDL; i.e., with Fx 10 6 erg cm −2 s −1 ) have a concentration of spots at high latitudes, as recognised in Doppler Imaging studies (e.g., Strassmeier 2009), which could influence the magnetic field geometry of the star. They argue that these objects might possess a strong dipole component (or strong toroidal fields, Wood & Linsky 2010) "that could envelope the entire star and inhibit stellar outflows".
In this Letter, we investigate the hypothesis that solartype stars to the right of the WDL should have a distinct magnetic field topology compared to the stars to the left of the WDL. For that, we select stars in Wood et al's sample that have large-scale surface magnetic fields previously reconstructed through Zeeman-Doppler Imaging (ZDI). In our analysis, only the large-scale surface fields are considered and we cannot assess if something happening at a smaller magnetic scale can affect theṀ -Fx relation.
MAGNETIC FIELD RECONSTRUCTION
Our sample consists of 7 objects (Table 1 ) out of 12 dwarf stars (not considering the Sun) in Wood et al's sample. The large-scale magnetic fields were observationally-derived through the ZDI technique (Morin et al. 2008; Morgenthaler et al. 2012; Jeffers et al. 2014, Petit et al in prep, Boro Saikia et al in prep, Boisse et al in prep) . This technique consists of reconstructing the stellar surface magnetic field based on a series of circularly polarised spectra (Donati & Brown 1997) . In its most recent implementation, ZDI solves for the radial a Within its cycle, the Sun's X-ray luminosity varies from 0.27 to 4.7 × 10 27 erg s −1 (Peres et al. 2000) , corresponding to Fx = 4.4×10 4 and 7.7×10 5 erg cm −2 s −1 , respectively. For consistency, we chose however to use the same value as used in Wood et al. (2014) , which is more representative of the Sun at minimum.
Br, meridional B θ and azimuthal Bϕ components of the stellar magnetic field, expressed in terms of spherical harmonics and their colatitude-derivatives (Donati et al. 2006b )
where α lm , β lm , γ lm are the coefficients that provide the best fit to the spectropolarimetric data and P lm ≡ P lm (cos θ) is the associated Legendre polynomial of degree l and order m.
To quantify the magnetic characteristics of the stars in our sample, we compute the following quantities (Table 2 ):
• The average squared magnetic field (i.e., proportional to the magnetic energy): 2 . To calculate B 2 dip , we restrict the sum of the total magnetic field energy (i.e., including the three components of B) to degree l = 1.
Similarly to the Sun, it has been recognised that stellar magnetism can evolve on a yearly timescale, with some stars exhibiting complete magnetic cycles. Three of the objects in Table 2 . Magnetic properties of our sample. EV Lac, ξ Boo A and Eri had their properties averaged over multi epochs (App. A). Table 2 , were averaged over multiple observing epochs (see Appendix A). We note that, as the observations are not done at regular time intervals, the time the star spends in a given 'magnetic state' might not be well represented by this simple average. However, we believe that this approach is a better representation of the magnetic characteristic for each of these stars over the choice of one single-epoch map, in particular when the starto-star differences are comparable to the year-to-year (i.e., amplitude) variations that stars exhibit (more important in the most active stars).
MAGNETIC FIELDS AS THE CAUSE OF THE BREAK IN THEṀ -FX RELATION
One proposed idea for the break in theṀ -Fx relation for the most active stars is that stars that are to the right of the WDL have surface magnetic field topologies that are significantly different, with either stronger dipolar (Wood et al. 2005a) or toroidal fields (Wood & Linsky 2010) , that partially inhibit the outflow of the stellar wind, giving rise to reducedṀ . To verify the first hypothesis, we compute B 2 dip and f dip for all the stars in our sample (Table 2) . We do not find any particular evidence that stars to the right of the WDL, namely π 1 UMa, ξ Boo A and EV Lac, have dipolar magnetic fields whose characteristics are remarkably different from the remaining stars in our sample. Fig. 1 presents a similar version of Wood et al's diagram (Ṁ /A versus Fx) showing only the stars for which we have reconstructed surface fields. The symbols are as in Fig. 3 of Donati & Landstreet (2009) , in which their sizes are proportional to log B 2 , their colours are related to f pol , and their shapes to faxi (see caption of figure). EV Lac is included in this plot for completeness but it is not considered in the analysis that follows. It has been argued that EV Lac could be a discrepant data point in the wind-activity relation because it is the least solar-like star in the sample (Wood 2004 ). Indeed, it has been revealed that the magnetism of active M dwarf stars, like EV Lac, has striking differences from solarlike objects, both in intensity and geometry (Donati et timescale to the rotation period of the star (Ro compiled by Vidotto et al. 2014a ). Therefore, none of our solar-type stars are in the X-ray saturated regime (Pizzolato et al. 2003) . Fig. 1 shows no evidence thatṀ and faxi (symbol shape) are related, indicating that the axisymmetry of the poloidal field cannot explain the wind-activity relation nor its break. In the Sun,Ṁ and faxi also seem to be unrelated. The solar dipolar field, nearly aligned with the Sun's rotation axis (and therefore nearly axisymmetric) at minimum activity phase, increasingly tilts towards the equator as the cycle approaches activity maximum (DeRosa, Brun & Hoeksema 2012), decreasing therefore faxi. In spite of the cycle variation of faxi in the Sun, the solar wind mass-loss rates remains largely unchanged (Wang 2010) .
What stands out in Fig. 1 is that solar-type stars with larger toroidal fractional fields (bluer) are concentrated to the right of the WDL. With the limited number of stars with both ZDI and wind measurements, there is no evidence at present for a sharp transition in magnetic topology across the WDL. Instead, the concentration of stars with dominantly toroidal fields to the right of the WDL reflects a trend towards more strongly toroidal fields with increasing Fx, which is in turn associated with rapid rotation. Petit et al. (2008) showed that, as stellar rotation increases, solar-type stars tend to have higher fraction of toroidal fields (symbols becoming increasingly bluer in diagrams such as the one expressed in Fig. 1 ; see also Fig. 3 in Donati & Landstreet 2009 ). Since rotation is linked to activity, it is not surprising that π 1 UMa and ξ Boo A, the most active and rapidly rotating solar-type stars in our sample, are the ones with the largest fraction of toroidal fields. To confirm our findings, it is essential to perform further wind measurements and ZDI observations of more stars at both sides of the break.
We note also that if instead of plotting Fx in the xaxis of Fig. 1, we (See et al. 2015) , correlations between Fx and B 2 pol or B 2 also exist (see Table 3 ). No break is seen in any of the Fx -magnetic energy relations. Because magnetism and X-ray flux evolve on ∼yearly timescales, intrinsic variability is expected to increase the spread in all the relations in Table 3 , further reinforcing the importance of multi-epoch ZDI observations.
Another important point to consider is that very active stars can jump between states with highly toroidal fields and mostly poloidal fields (Petit et al. 2009; Morgenthaler et al. 2012; Boro Saikia et al. 2015) . Therefore, if the high fraction of toroidal magnetic fields is related to the break on theṀ -Fx relation, there may be some significant scatter in magnetic field topology on the right of the WDL. E.g., during ∼ 5 yr of observations, the fractional toroidal field of ξ Boo A varied between ftor 33% to 81%, with an average of 63%, giving this star a blueish color in Fig. 1 (Appendix A). If this star were observed only during an epoch where its field is dominantly poloidal, the trend that stars to the right of the WDL are more toroidal (bluer) would not be recovered. This further strengthens the need of multi-epoch ZDI observations (cf. Section 2).
Assuming that a change in magnetic field topology is such that it will significantly affect the mass-loss rates of stellar winds, it would still take on the order of a year (depending on the size of the astrosphere) for stellar winds to propagate out into the astrosphere boundary, where the Ly-α photons are absorbed. Therefore, simultaneous derivations of mass-loss rate (through Ly-α absorption) and magnetic field topology (through ZDI) are likely not going to be linked to each other. It would, nevertheless, be interesting to monitor both Ly-α absorption and magnetic topologies to see whether variations of the latter mimic those of the former with a ∼ 1 yr delay.
CONCLUSIONS AND DISCUSSION
In this letter, we have investigated if stellar magnetic fields could be the cause of the break in the wind-activity (Ṁ -Fx) relation, for stars with Fx 10 6 erg cm −2 s −1 (Wood et al. 2005a) . Our sample consisted of stars observed by Wood et al that also had observationally-derived large-scale magnetic fields (Morin et al. 2008; Morgenthaler et al. 2012; Jeffers et al. 2014, Petit et al in prep, Boro Saikia et al in prep, Boisse et al in prep) . Wood et al. (2005a) and Wood & Linsky (2010) suggested that the break in theṀ -Fx relation seen for the most active stars could be caused by the presence of strong dipolar or toroidal fields that would inhibit the wind generation. In our analysis, we did not find any particular evidence that the dipolar field characteristics (or the degree of tor does not show a break at Fx ∼ 10 6 erg cm −2 s −1 . Solid line is a power-law fit the data. Because B 2 tor and B 2 pol are correlated (See et al. 2015) , correlations between Fx and B 2 pol or B 2 also exist (see Table 3 ).
axisymmetry of the poloidal field) change at the WDL. We found that solar-type stars to the right of the WDL (namely ξ Boo A and π 1 UMa) have higher fractional toroidal fields (blueish points in Fig. 1 ), but no break or sharp transition is found (Fig. 2 , Petit et al. 2008) .
We also showed that there is a correlation between Fx and magnetic energy (Table 3) , which implies thatṀ -magnetic energy relation has the same general properties as the originalṀ -Fx relation (i.e., a positive correlation for Fx 10 6 erg cm −2 s −1 , followed by a break). Contrary to theṀ -Fx relation, no break at the WDL is seen in the Fx -magnetic energy relations.
We note that very active stars can jump between states with highly toroidal fields and mostly poloidal fields (Petit et al. 2009; Morgenthaler et al. 2012; Boro Saikia et al. 2015) . If magnetic fields are actually affecting stellar winds (i.e., the high fraction of toroidal fields is related to the break in thė M -Fx relation), there may be some significant scatter in magnetic field topology on the right of the WDL, even for a given star observed at various phases of its magnetic cycle.
We finally add that the break in theṀ -Fx relation found by Wood et al. (2005a) is at odds with some theoretical works on stellar winds and empirically-derived relations used to compute outflow rates (ṀCME) of coronal mass ejections (CMEs). The time-dependent stellar wind models of Holzwarth & Jardine (2007) ; See et al. (2014) ; Johnstone et al. (2015) predict a different (in general, weaker) dependence ofṀ with Fx than that of Eq. (1) and do not predict a sharp decrease inṀ for stars to the right of the WDL. These models use empirical data on rotation, wind temperature, density and magnetic field strength to constrain theoretical wind scenarios. They are, however, limited to one or two dimensions and cannot, therefore, incorporate the 3D nature of stellar magnetic fields. 3D stellar wind studies that incorporates observed stellar magnetic maps have been carried out but they are currently not time-dependent (Cohen et al. 2010; Vidotto et al. 2012 Vidotto et al. , 2014b Jardine et al. 2013 ).
Other theoretical works suggested that CMEs could be the dominant form of mass loss for active stars (Aarnio, Matt & Stassun 2012; Drake et al. 2013; Osten & Wolk 2015) . These works predicted thatṀCME 100Ṁ for active solar-like stars, in contradiction to the results found by Wood et al for active stars such as π 1 UMa and ξ Boo A. A possibility for this disagreement is that the solar CME-flare relation cannot be extrapolated all the way to active stars (Drake et al. 2013) . Drake et al. (2013) suggested that there might not be a one-to-one relation between observed stellar X-ray flares and CMEs. They argue that on active stars, CMEs are more strongly confined, and so fewer of them are produced for any given number of X-ray flares. This stronger confinement could be caused by the noticeable differences between the solar and stellar magnetic field characteristics. What we have shown here is that indeed the most active stars seem to have more toroidal large-scale magnetic field topologies. Numerical modelling efforts would hopefully be able to shed light on whether the large-scale toroidal fields could indeed result in more confined CMEs. Table A1 . Magnetic properties of the stars in our sample that have multi-epoch magnetic field reconstructions. The results for ξ Boo A were presented in Morgenthaler et al. (2012) , for Eri in Jeffers et al. (2014) and for EV Lac in Morin et al. (2008 
